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It is experimentally observed that ratios of branching fractions for semitauonic and semileptonic
B decays, known as the R(D(∗)), are higher than Standard Model (SM) predictions. The B →
D(∗)τ+ντ decays, except for the branching fractions, offer also other observables, in particular,
angular observables may determine spin structure of a potential New Physics (NP) providing some
clues to explain the R(D(∗)) puzzle. In this review, polarization measurements in B → D∗τ+ντ
decaysa at Belle are presented and prospects for measurements of characteristics of semitauonic B
decays at Belle/Belle II are described.
I. EXPERIMENTAL SITUATION
Semitauonic B decays are described as b→ cτν transi-
tions that occure at the tree level and in SM are mediated
by the exchange of virtual W ∗ boson. Presence of the 3rd
generation massive fermions in the initial and final states
makes them sensitive to potential effects of NP. In par-
ticular, the relative rates,
R(D(∗)) =
B(B → D(∗)τ+ντ )
B(B → D(∗)`+ν`)
(` = e, µ) (1)
are useful observables to test lepton flavour universality
(LFU), since the most of theoretical (the |Vcb| element of
the CKM matrix and some hadronic form factors) and ex-
perimental uncertainties (reconstruction efficiencies, par-
ticles identification) can be reduced.
Analyses of B meson decays with one or more unde-
tected particles in the final states are challenging, due
to poor signal signature. However, at the e+e− environ-
ment, where B mesons are produced exclusively in pairs,
reconstruction of one B meson, called tagging B (Btag),
provides information on the momentum vector and other
quantum numbers of the signal side (Bsig). For semi-
tauonic B decays the most efficient tagging technique
is inclusive reconstruction. In the above approach sig-
nal decays (Bsig) are reconstructed first, and then ac-
companying B meson (Btag) is reconstructed inclusively
from all the particles that remain after selecting the Bsig.
Subsequent, efficient way of reconstruction of the tag
side is using frequent and clean semileptonic B decays
(Γ(B → D(∗)`ν`) ∼ 20%), though without giving precise
constraint on the momentum vector of Btag. Complete
kinematic information on the tag side with high purity
of sample can be obtained by combining many exclusive
B decay modes in, so called, full reconstruction of events
(FR). Purity of the sample is maximized at the price of
lower efficiency, however, final efficiency and purity de-
pend on the particular analysis. Various tagging methods
a Charge-conjugate modes are implied throughout this raport, un-
less explicitly stated.
mean (partially) independent subsets of data sample, but
what’s more, they provide cross-checks of results, due to
different sources and proportions of systematic uncertain-
ties for measured observables.
Exclusive semitauonic B decays were first observed in
2007 [1], and since then the Babar and Belle collabo-
rations performed a few analyses to measure R(D) and
R(D∗) using different methods for the reconstruction of
tagging side [2–8]. LHCb collaboration has measured
R(D∗) and similar ratios with J/ψ in place of D∗ [9–11].
The world averages of the most current measurements of
R(D(∗)) [12] are
R(D) = 0.407± 0.039± 0.024
R(D∗) = 0.306± 0.013± 0.007 (2)
and exceed the SM predictions [12]
R(D) = 0.299± 0.003
R(D∗) = 0.257± 0.003 (3)
by 2.3 and 3.0 standard deviations (σ) respectively. Con-
sidering the R(D) − R(D∗) correlation of -0.203, the
tension with the SM predictions corresponds to about
3.78σ. Interestingly, it is also difficult to accommodate
the observed branching fractions within two Higgs dou-
blet models (2HDM)[4], mainly due to the relatively large
excess in the B → D∗τν mode, which is expected to be
less sensitive to the charged Higgs contributions than the
B → Dτν channel. So far, measured kinematic distribu-
tions like q2(squared mometum transfer corresponding to
the mass squared of the virtual W ∗ decaying to the τ+ντ
system) [5], lepton [3, 6] and D(∗) momenta [2, 6] are
consistent with the SM predictions, however still not sig-
nificant to discriminate NP scenarios or to explain the
the R(D(∗)) puzzle. Thus, an effective way to use the
experimentally available statistics would be the study of
integrated distributions or relevant observables, like lep-
ton or vector meson polarizations.
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2II. POLARIZATION MEASUREMENTS IN
B → D∗τ+ντ
The kinematics of the B → D∗τ+ντ decay can be ex-
pressed in terms of the following variables: q2, two an-
gles θl and χ, describing the primary B decay, and two
or more angles describing D∗ and τ decays [13]. θl is
the angle between the τ and direction opposite to the D∗
meson momenta in W ∗ rest frame; χ is the azimuthal
angle between two decay planes spanned by the momen-
tum vectors of W ∗ (τ+ντ ) and D∗ (Dpi) systems; θD
∗
hel
is the angle between the D meson momentum and di-
rection opposite to B in D∗ rest frame. In case of 2-
body τ decays e.g. τ → piντ , θτhel is the angle between
τ daughter from two body decay and direction opposite
to W ∗ in τ rest frame. At B-factories the reconstruction
of Btag in hadronic modes allows for determination the
squared transfer momentum: q2 = (pBsig − pD∗)2, where
~pBsig = −~pBtag and Esig equals beam energy (Ebeam) in
the rest frame of Υ(4S). Among listed angles, two he-
licity angles θτhel and θ
D∗
hel can be reconstructed with op-
timal resolution using hadronic decays of Btag and used
for measurements of τ and D∗ polarizations.
Next subsections present analyses dedicated to polar-
ization measurements in semitauonic B decays that are
based on the full data sample of 772 ×106 BB¯ pairs accu-
mulated with the Belle detector at the Υ(4S) resonance
in the e+e− asymmetric collider KEKB.
A. τ polarization measurement in B → D∗τν
Using FR tagging method and two-body τ decays
τ+ → pi+ντ and τ+ → ρ+ντ , the first measurement of
the τ lepton polarization (Pτ ) simultaneously withR(D
∗)
has been made[7, 8] for combined B0 → D(∗)τ+ντ and
B+ → D(∗)0τ+ντ decays. The τ lepton polarization is
defined as:
Pτ =
Γ+ − Γ−
Γ+ + Γ−
,
where Γ± denotes the decay rate of B → D∗τ+ντ with
τ helicity of ±1/2. The SM value of τ polarization in
B → D∗τ+ντ decay is Pτ = −0.497± 0.013[14], however
it can be significantly modified by NP. In two-body τ
decays (τ → hντ ) Pτ can be extracted from the following
formula:
dΓ
d cos θτhel
=
1
2
(1 + αPτ cos θ
τ
hel),
,
where h = pi the coefficient α = 1, and for h = ρ,
α = 0.45.
Measurement of cos θτhel distribution is demanding be-
cause it is modified by cross-feeds from signal events with
other τ decays, and background contamination. To mea-
sure Pτ , the region of cos θ
τ
hel is divided into two bins:
cos θτhel > 0 (forward) and cos θ
τ
hel < 0 (backward). The
value of Pτ is then extracted from the forward-backward
asymmetry of the signal yields, and it is given by the
formula:
Pτ =
2
α
NFsig −NBsig
NFsig +N
B
sig
,
where the superscript F (B) denotes the signal yield in
the forward (backward) region.
For the τ → piν mode the region of cos θτhel > 0.8 is
excluded from the analysis due to a large peaking back-
ground coming from B → D∗`+ν` decays. Corrections
to the raw Pτ value are applied to take into account
detector effects (acceptance, asymmetric cos θτhel bins,
crosstalks between different τ decays). In the presented
analysis, the value of Pτ is measured simultaneously with
R(D∗). The number of events in normalization mode
(B → D¯(∗)`+ν`) is extracted from the missing mass dis-
tribution in the region −0.2 < M2miss < 0.85 GeV[? ],
where M2miss = (pbeam− pBtag − pD∗ − pl)2 is the squared
effective mass of neutrinos.
Backgrounds can be categorized into four components:
B → D∗`+ν`, B → D∗∗`+ν` together with hadronic
B decays, fake D∗ and continuum (e+e− → qq¯). The
semileptonic component contaminates the signal sample
due to the misassignment of the lepton as a pion, and
it is fixed from the fit to the normalization sample. In
this analysis, the main background comes from hadronic
B decays with a few missing final-state particles, and its
yield is determined as a free parameter in the final fit.
The yield of the fake D∗ component is fixed from a com-
parison of the data and MC in the sideband regions of
the mass diffrence between D∗ and D mesons.The frac-
tion of the continuum process is negligible and is fixed
using MC expectation.
Signal extraction is done by a 2D extended binned
maximum likelihood fit to EECL(summed energy of clus-
ters not used in the reconstruction of Bsig and Btag can-
didates) and M2miss distributions. The fit is performed
in two steps; the first fit is to the normalization sample,
and then a simultaneous fit for the eight signal samples:
(B+, B0) ⊗ (pi+ντ , ρ+ντ ) ⊗ (forward, backward). The
following result is obtained[7, 8]:
PD
∗
τ = −0.38± 0.51(stat.)+0.21−0.16(syst.)
R(D∗) = 0.270± 0.035(stat.)+0.028−0.025(syst.)
Dominant systematics comes from hadronic B decays
composition (+7.6%−6.8%,
+0.13
−0.10) and limited MC statistics for
probability density functions (PDFs) of shapes (+4.0%−2.8%,
+0.15
−0.11). Combined R(D
∗) and PD
∗
τ result is consistent
with the SM within 0.6σ. These are still crude con-
straints due to limited statistics but better precision can
be expected at Belle II experiment.
3B. D∗ polarization measurement in B0 → D∗−τ+ντ
In the context of present experimental situation, where
all R(D(∗)) measurements are systematically above the
SM expectations, an interesting observable to study is the
D∗ polarization in B → D∗τ+ντ decays. Moreover, by
studying correlations amongst various observables, one
can distinguish between the contributions from different
NP operators [15–19].
Fraction of the longitudinal polarization of D∗ is de-
fined as:
FD
∗
L =
Γ(D∗L)
Γ(D∗L) + Γ(D
∗
T )
(4)
where Γ(D∗L(T )) denote the decay rate with the longitu-
dinally(transversely) polarised D∗, and FD
∗
L + F
D∗
T = 1.
In SM, FD
∗
L is expected to be around 0.45. The most re-
cent predictions are FD
∗
L,SM = 0.457± 0.010 [15], FD
∗
L,SM =
0.441 ± 0.006 [16], and FD∗L,SM = 0.46 ± 0.04 [17]. FD
∗
L
can be significantly modified in the presence of NP contri-
butions, in particular, the scalar (tensor) operators may
enhance (decrease) FD
∗
L [17].
In this report the first measurement of D∗ polariza-
tion in the B0 → D∗−τ+ντ mode is presented. FD∗L is
extracted from angular distribution in D∗− → D0pi− de-
cays. The polar angle distribution in the helicity frame
is given by
1
Γ
dΓ
d cos θD
∗
hel
=
3
4
[2FD
∗
L cos
2 θD
∗
hel + F
D∗
T sin
2 θD
∗
hel ], (5)
Compared to the Pτ , D
∗ polarization is easier to mea-
sure since all τ decays can be used, and it is not af-
fected by cross-feeds between different τ decay channels.
However, strong acceptance effects make measurements
in the full cos θD
∗
hel range difficult. In particular, the re-
gion of cos θD
∗
hel > 0 is depleted due to the fact that at
cos θD
∗
hel close to +1, the pion goes backwards in the D
∗
rest frame, and thus has lower momentum in the labora-
tory frame. The effect increases with higher value of q2.
Nevertheless, physical cos θD
∗
hel distribution is symmetric,
so range −1 ≤ cos θD∗hel ≤ 0.0 is sufficient to measure the
D∗ polarization.
In case of this analysis inclusive Btag reconstrucion
method was employed. Signal side was reconstructed
using decay chains that combine a high reconstruction
efficiency with a low background level: B0 → D∗−τ+ντ ,
D∗− → D0pi−, D0 → K+pi−, K+pi−pi0, K+pi−pi+pi−,
τ+ → e+νeντ , µ+νµντ , pi+ντ . The consistency of a
Btag candidate with a B meson decay is checked using
the beam-energy constrained mass and the energy differ-
ence variables:
Mtag =
√
E2beam − ~p2tag, ~ptag =
∑
i
~pi
∆Etag = Ebeam − Etag, Etag =
∑
i
Ei
(6)
where ~pi and Ei denote the 3-momentum vector and en-
ergy of the particle i assigned to Btag in the Υ(4S) rest
frame, respectively. The main backgrounds come from
two other semileptonic B decays (B → D∗`+ν`, B →
D∗∗`+ν`). For the background suppresion, the observ-
ables sensitive to multiple neutrino final states, like visi-
ble energy and variable that approximates missing mass
Xmis = (Ebeam−ED∗−Ed−|~pD∗+~pd|)/(
√
E2beam −m2B),
but does not depend on tagging side, were used. Ed, ~pd
denote energy and momentum of the τ daughter respec-
tively, and mB is the nominal mass of B meson.
The signal yields are extracted using simultaneous, ex-
tended unbinned maximum likelihood fits to the Mtag
distribution, where the sample was splitted up into three
decays modes for D0 and τ , giving 9 sub-samples total.
In this approach signal is extracted using known PDF’s
parametrizations, namely CrystalBall function for singal
and peaking background, and Argus function for combi-
natorial background. These fits are performed in 3 bins
of cos θD
∗
hel in the range of −1 < cos θD
∗
hel < 0, where I
bin: −1.0 < cos θD∗hel < −0.67, II bin: −0.67 < cos θD
∗
hel
< −0.33, III bin: −0.33 < cos θD∗hel < 0.0. An example
of the fit projection to Mtag distribution in the range
−1.0 < cos θD∗hel < −0.67 is illustrated in Fig.1. Fol-
lowing yields in the three bins of cos θD
∗
hel were obtained:
NI = 151 ± 21, NII = 125 ± 19, NIII = 55 ± 15. The
corresponding statistical significances (Σ) in each bins
are ΣI = 8.8, ΣII = 7.8, ΣIII = 4.1. The statistical
significance is defined as Σ =
√−2ln(L0/Lmax), where
Lmax and L0 denote the maximum likelihood value and
the likelihood value for the zero signal hypothesis. Ad-
ditionally, taking into account small acceptance varia-
tions and bin migration, the signal yields in the bins of
cos θD
∗
hel are reweighted with the following scale factors:
sI = 0.98 ± 0.01, sII = 0.96 ± 0.01, sIII = 1.08 ± 0.01.
Fig.2 shows the measured cos θD
∗
hel distribution, which is
fitted using the formula (5) to extract FD
∗
L . The fit re-
sult gives FD
∗
L = 0.60 ± 0.08(stat.) ± 0.04(syst.), and
agrees within 1.6, 1.8 and 1.4 standard deviation with
the SM predictions FD
∗
L,SM = 0.457± 0.010 [15], FD
∗
L,SM =
0.441 ± 0.006 [16], and FD∗L,SM = 0.46 ± 0.04 [17], re-
spectively. The dominant systematic uncertainties arise
from the limited MC statistics for determination of back-
ground PDF shapes (±0.03) and imperfect modelling of
real processes (B → D∗∗`ν) (±0.01). The full poten-
tial of data sample can be further exploited by adding
charged B mode.
III. PROSPECTS FOR BELLE/BELLE II
Belle is still active in carrying out new measurements
using newly developed analysis tools. In recent analyses
it was decided that Belle data are converted to Belle II
data format [20], what enables to use Belle II software
framework (BASF2). In particular, to reconstruct Btag
using hadronic or semileptonic B decays we can exploit
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FIG. 1. Fit projection to Mtag distributions in the range
−1 ≤ cos θD∗hel < 0.67 for τ → piντ (top), for τ → eνeντ
(middle), for τ → µνµντ (bottom), and D0 → Kpi (left),
D0 → Kpipi0 (center), D0 → Kpipipi (right). Data are points
with error bars, and the fit results are represented by the
solid blue lines. Contributions from signal, combinatorial and
peaking backgrounds are shown by the red (dot-dashed), blue
(dashed) and green (dotted) lines, respectively.
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FIG. 2. The measured cos θD
∗
hel distribution for B
0 →
D∗−τ+ντ mode. The red line represents the fit result with
FD
∗
L = 0.60± 0.08(stat.).
Full Event Interpretation (FEI) [21] - a new exclusive tag-
ging algorithm in BASF2 for multivariate analysis with
Boosted-Decision Tree (BDT) classifier. The new tool al-
lows for increasing the signal reconstruction efficiency by
the factor of three (without increasing the background)
compared to the previous algorithm (see e.g. [22])FEI is
used in the currently ongoing analysis on simultaneous
measurement of R(D) and R(D∗) tagged with semilep-
tonic B decays.
5 ab−1 50 ab−1
R(D) (±6± 4)% (±2± 3)% [23]
R(D∗) (±3± 3)% (±1± 2)% [23]
PD
∗
τ ±0.18± 0.08 ±0.06± 0.04 [23]
FD
∗
L ±0.04± 0.04 ±0.01± 0.04
TABLE I. Expected precision for R(D(∗)) and PD
∗
τ at Belle II,
given as the relative uncertainty forR(D(∗)) and absolute ones
for PD
∗
τ . The values given are the statistical and systematic
errors respectively.
Data taking with the Belle II detector is expected to
kick-off in early 2019 and collect approximately 50 times
Belle data sample by 2025. Present and expected preci-
sion for R(D(∗)), PD
∗
τ and F
D∗
L with 5ab
−1 data sample
and the full 50ab−1 data are summarized in Table I
(based on Ref.[23]). Comparison between current and
expected precision is illustrated in Fig.3. The ultimate
relative uncertainty (with 50ab−1) of 2% for R(D) and
1% for R(D∗) would be dominated by systematics. The
major contribution to R(D(∗)) systematics is the uncer-
tainty on branching fraction of D∗∗ components. The
B → D¯∗∗X modes, especially B → D¯∗∗`ν, will be stud-
ied in detail, so a simultanous determination of R(D),
R(D∗) and R(D∗∗) should be possible in the long term.
Next source of systematics are multibody hadronic B
decays, especially with neutral particles in final states.
However, our understanding of these modes should be
improved by future measurements at Belle II and hence
the systematics uncertainty can be reduced.
Using inclusive Btag reconstruction method we can ex-
pect at least 15000 events for the FD
∗
L determination.
The estimation assumes comparable tagging performance
and reconstruction efficiency as in Belle. Higher statistics
and better reconstrucion efficiencies at Belle II should al-
low for precise test of NP scenarios with q2, and other
differential distributions of kinematic observables.
IV. SUMMARY
In this review the current experimental status for semi-
tauonic B decays and first meaurement of D∗ polar-
ization in B0 → D∗−τ+ντ are reported. The frac-
tion of D∗− longitudinal polarization, measured assum-
ing the SM dynamics, is found to be FD
∗
L = 0.60 ±
0.08(stat.) ± 0.04(syst.), and agrees within 1.6, 1.8 and
1.4 standard deviation with the SM predictions FD
∗
L,SM =
0.457 ± 0.010 [15], FD∗L,SM = 0.441 ± 0.006 [16], and
FD
∗
L,SM = 0.46± 0.04 [17], respectively.
At present, sensitivity of these measurements is limited
by statistics, and exploration of characteristics of semi-
tauonic B decays will be important topic at the Belle II
experiment.
5FIG. 3. Expected constraints on R(D) vs. R(D∗) (top
pannel) and PD
∗
τ vs. R(D
∗) (bottom pannel) compared to
existing experimental constraints. Current values with un-
certainties of R(D(∗)) and PD
∗
τ , and projection for 50 ab
−1
are based on Ref.[23].
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